The maize cysteine protease complex, which required SDS for its activation in vitro, is a 179 kDa trimeric complex (P-I) 3 Here, we show the mechanism of the SDSdependent activation of the trimeric (P-I) complex and stabilization of the activated protease by its specific substrates. The cystatin-free cysteine protease isolated by preparative SDS-PAGE was still specifically activated by SDS, and its profile of SDS-dependency was exactly the same as that of the trimeric (P-I) complex. It is, therefore, evident that an SDS-dependent conformational change of the protease itself, rather than the release of cystatin from the complex, is crucial for the activation. Pre-treatment analysis with SDS revealed that SDS was required for the initiation of the activation of the trimeric (P-I) complex. Furthermore, we found that once the protease was activated, if there was no substrate, it was rapidly inactivated under optimum conditions of proteolysis, and showed that such inactivation was not due to autolysis of the protease. In contrast, addition of specific substrates prevented the inactivation, and thus we presumed that the activity of the cysteine protease is regulated by both activation by conformational change and rapid inactivation after consumption of substrates.
Introduction
In plants, cysteine proteases are widely distributed in various tissues and involved in various physiological events (Callis 1995) . For example, it is well known that multiple cysteine protease activities are induced in germination of rice (Watanabe et al. 1991 ) and maize (de Barros and Larkins 1990, Mitsuhashi and Oaks 1994) . When tissues are exposed to various environmental stresses, the proteases activated are mostly cysteine types (Callis 1995) such as those induced by droughtor salt-stress in Arabidopsis leaves (Koizumi et al. 1993 ) and by cold treatment in tomato (Schaffer and Fischer 1988) . Plant cysteine protease inhibitors, cystatins, are present in various species such as rice seeds (Kondo et al. 1990 ), maize seeds (Abe et al. 1995) , soybean (Misaka et al. 1996) , potato stems (Gruden et al. 1997 ) and carrot seeds (Ojima et al. 1997 ). The rice cystatin, which was first identified in plants and has been investigated in detail, is expressed during seed maturation, and the purified cystatin is effective in blocking the activity in vitro of a rice proteinase (Kondo et al. 1990 ). This result suggests that this cystatin modulates proteinase activity in vivo. More recently, it was reported that in soybean, programmed cell death is regulated by activity of cysteine protease and cystatin (Solomon et al. 1999) . However, no direct interaction between the cysteine protease and cystatin has been identified.
Recently we isolated a maize protease which required SDS for activation in vitro, and designated it SDS-dependent protease, although there are many reports on proteases whose activities are stimulated by SDS (for recent reports, see Kuwabara and Suzuki 1995 , Shibatani and Ward 1995 . Our maize protease specifically digests several oligopeptides and possesses a pH optimum in the weak acidic range. We purified it to homogeneity using a monoclonal antibody (Yamada et al. 1998) . Determination of the internal amino acid sequence and subsequent cloning revealed that the protease was a trimer (179 kDa) of a complex (P-I complex) of a cysteine protease and a cystatin (Yamada et al. 2000) . The cysteine protease is homologous to putative cysteine protease (90%) from maize callus (Pechan et al. 1999 ) and a rice cysteine protease (84%) that is expressed in germinating seeds (Watanabe et al. 1991) . This is the first example of a protease isolated as a complex with a specific inhibitor from plants, although there are many reports on the independent purification of proteases (Abe et al. 1987 , Vierstra 1996 , Watanabe et al. 1991 and inhibitors (Abe and Arai 1985) . Since our cysteine protease forms a complex with its specific inhibitor, dissociation of the trimeric (P-I) complex and release of the cystatin from the P-I complex were expected to be crucial for the activation of the latent protease complex (Yamada et al. 2000) . However, further investigation revealed that the dissociation of the complex or the release of the inhibitor did not activate the protease. Here, we demonstrated that SDS-induced conformational change of the cystatin-free cysteine protease component was essential for its activation. Furthermore, the activated protease rapidly lost activity when its specific substrates were absent or consumed but was stabilized by an excess of substrates. We discuss the mechanism for the activation and the stabilization by substrates of the maize cysteine protease complex in vivo.
Materials and Methods

Isolation of the maize cysteine protease complex and cystatin-free protease
The maize cysteine protease complex was prepared by DEAEToyopearl and gel-permeation chromatography as described (Yamada et al. 1998) . For preparation of the cystatin-free cysteine protease component, preparative SDS-PAGE was carried out according to the method of Laemmli (Laemmli 1970 ) without boiling samples. After the band of cystatin-free protease was cut out from the SDS-PAGE gel and placed into dialysis tubes, the protease was electroeluted from the gel at 4°C in the electrophoresis buffer of the Laemmli system without SDS in a submarine-type electrophoresis device (ATTO, Japan).
Assay for peptidase activity and protein assay
The assay was carried out as described (Yamada et al. 1998 ). The standard assay mixture (total volume, 500 ml) contained the enzyme (10 ml), 200 mM of oligopeptides, 0.1% SDS, and 100 mM citrate buffer (pH 5.0). After incubation at 35°C for 60 min, the amount of liberated AMC in the reaction mixture was measured fluorometrically (excitation at 380 nm and emission at 460 nm).
Protein concentrations were determined with the CBB-dye reagent system of Bio-Rad (U.S.A.) using bovine serum albumin as the standard. The amount of cystatin-free protease (40 kDa) was estimated by comparison with the stain of marker proteins on CBBstained gel after SDS-PAGE.
Identification of intermediate complex by GPC
Gel permeation chromatography (GPC) was performed for identification of dissociated complex in the presence/absence of 3 M guanidine hydrochloride (GuHCl) in 50 mM Tris-HCl (pH 7.8) containing 200 mM NaCl on a Superdex 200 HR 10/30 column (Pharmacia LKB, Sweden). Fractions were dialyzed against 50 mM Tris-HCl (pH7.8) containing 200 mM NaCl to remove GuHCl for assay of SDSdependent proteolytic activity and ELISA.
ELISA
Antigen (protease fractions from GPC) was adsorbed on a multiple well plate (Corning, U.S.A.), and the maize cysteine protease was detected using monoclonal antibody which traps the proteolytic activity (Yamada et al. 1998 ) with horseradish peroxidase-conjugated antimouse IgG as a secondary antibody and O-phenylenediamine (Abs. 492 nm) as a substrate.
Results
Dissociation of the trimeric (P-I) complex and SDS-dependency for the activation
In a previous study, we showed that the maize cysteine protease complex is a trimer (179 kDa) of a complex (P-I complex) consisting of a cysteine protease (40 kDa) and cystatin (15 and 13 kDa) (Yamada et al. 2000) . This finding suggested that the activation by SDS was caused by the dissociation of the trimeric complex, (P-I) 3 and the release of inhibitor from the P-I complex. To investigate whether the dissociation of the trimeric (P-I) complex is involved in the activation, we examined the requirement of SDS for the activation of the dissociated form from the trimeric complex. We treated the trimeric (P-I) complex with GuHCl and separated P-I from (P-I) 3 by GPC in the presence of GuHCl. The P-I complex eluted from GPC was analyzed both for SDS-dependent proteolytic activity and with the monoclonal antibody (Yamada et al. 1998 ). Fig. 1 shows the GPC elution profiles of the native (top) and the 3 M GuHCl-treated (bottom) protease complexes. The trimeric (P-I) complex was recognized by the monoclonal antibody, and eluted with a peak of 185 kDa which is consistent with the result of native PAGE (179 kDa; Yamada et al. 1998) . The elution of SDS-dependent activity which was assayed in the presence of SDS showed the same profile as the recognition profile for the monoclonal antibody. When the trimeric (P-I) complex was treated with 3 M GuHCl, the activity of the dissociated protease was observed only in the presence of SDS, and the major peak of the SDS-dependent proteolytic activity shifted from 185 to 55 kDa. This finding demonstrated that the trimeric complex was dissociated to a smaller component (probably P-I complex) and the smaller component still required SDS for the activation. The dissociated P-I complex did not revert to the trimeric (P-I) complex on removal of the GuHCl of each fraction. GuHCl-treated proteins were not recognized by the monoclonal antibody, probably because the antibody did not recognize the structure changed by GuHCl. This is consistent with the report that the antibody recognizes the native but not SDS-treated protease (Yamada et al. 1998) . The loss of reactivity of monoclonal antibody also implied a structural change accompanied by a dissociation of the trimeric complex to P-I complex. These results strongly indicated that the dissociation of the trimeric (P-I) complex to a smaller component (probably P-I complex) does not activate the protease.
Activation of the protease component (40 kDa) by SDS
To check whether the release of the protease inhibitor is sufficient for the activation of the protease or not, we purified the cystatin-free cysteine protease by preparative SDS-PAGE ( Fig. 2 ; Yamada et al. 1998) , and examined the SDS requirement for the activation of the protease component. The isolated protease component also required SDS for the activation (Fig. 3) . The optimal concentration of SDS and the profile of SDS dependency of the cystatin-free protease component were exactly the same as those of the protease of the trimeric (P-I) complex and P-I complex, although the activity of the cystatinfree protease was about 15% of that of the complex. Furthermore, the spectrum of the effects of several detergents on the activation of the cystatin-free protease was also the same as those of the complexes (Yamada et al. 1998 ; data not shown). These results indicate that the activation by SDS is essentially caused by the conformational change of the protease component, not by release of cystatin(s) from the protease complex.
Requirement of SDS for initiation of the activation of cysteine protease complex
To determine whether SDS is required only for the initiation of the activation of the protease complex, we examined the effect of SDS on the activation of the trimeric (P-I) complex by pre-incubation with SDS followed by sufficient dilution. Once the protease complex was pre-incubated in an assay mixture (0.1% SDS, 200 mM Boc-Val-Leu-Lys-MCA, pH 5.0) for 5 min, the pre-incubated protease efficiently digested the peptidyl substrate even after a dilution of SDS to 0.002% at which no proteolytic activity was observed without the pre-incubation (Fig. 4 , also Yamada et al. 1998 ). The activated protease was fully active because it showed protease activity comparable with that in the presence of 0.1% SDS. Thus, it became ). The protein amount of the trimeric complex was taken as total protein, because the band of the protease component in the trimeric complex could not be detected on SDS-PAGE, and the protein amount of the component could not be estimated. Closed circle, trimeric (P-I) complex; closed square, protease-inhibitor complex; open circle, the cystatin-free protease component.
apparent that the optimal concentration of SDS was required only for initiation of activation of the latent protease complex. In the case of proteasome, the proteolytic activity caused by SDS disappears on dilution of SDS ), indicating that the activity is maintained by SDS only in the assay mixture.
Instability of the protease at optimal pH
During the assays, we found that once the protease component is activated by SDS in the absence of substrate, it rapidly loses its proteolytic activity under the optimal conditions of proteolysis (i.e. at acidic pH and in the presence of SDS). As shown in Fig. 5A , the protease component was rapidly inactivated within 1 h at the optimal pH with SDS. Inactivation at the weak acidic pH was also observed without SDS, although the loss of the proteolytic activity was about 50%. The protease component was very stable at neutral pH at 35°C even in the presence of SDS (also stable in the absence, data not shown). To clarify whether such a rapid inactivation was due to autolysis or not, the enzyme was pre-incubated with 200 mM leupeptin, a specific and reversible inhibitor for the protease (Yamada et al. 1998 ). The proteolytic activity was assayed after dilution of its inhibitory effect. Fig. 5B shows that the inactivation was not inhibited by leupeptin, indicating that it was not due to autolysis. Also, SDS-PAGE of the protease after incubation under optimal conditions for proteolysis clearly showed that autolysis was not involved in the inactivation (Fig. 5C) .
Stabilization of the protease by its substrates at optimal pH
While analyzing the rapid inactivation we found that the presence of a peptidyl substrate (Boc-Val-Leu-Lys-MCA, 200 mM) was effective for partial stabilization of the protease Fig. 4 Requirement of SDS for the formation but not for the maintenance of the active form. The trimeric (P-I) complex (60 ml) added to the assay mixture (300 ml) (final concentration of SDS, 0.1%) was activated by pre-incubation at 35°C for 5 min. The pre-incubated protease complex (20 ml) was used for assay of the proteolytic activity in a fresh assay mixture (980 ml) with (open square) or without (open circle) 0.1% SDS. At the time shown by an arrow, SDS was added to the reaction mixture in which SDS was diluted (for open circle) to a final concentration of 0.1% (closed circle). A closed square shows that the assay was carried out in the absence of SDS using the enzyme without pre-treatment.
Fig. 5
Instability of the protease under optimal pH conditions for proteolysis. (A) Instability of the trimeric protease complex with/without SDS in the absence of substrate. The protease (20 ml) mixed with a treatment buffer (80 ml) was incubated at 35°C, an aliquot (10 ml) was taken, and the proteolytic activity was assayed at 35°C for 60 min. Treatment buffers used were as follows: 0% (open circles) or 0.1% (closed circles) SDS in 200 mM sodium acetate (pH 5.0) with 200 mM NaCl, and 0.1% (closed squares) SDS in 200 mM Tris-HCl (pH 7.8) with 200 mM NaCl. We employed the acetate buffer system for pH 5.0, because in this system, the protease is inactivated more rapidly than in the citrate buffer in Fig. 4. (B) Effect of leupeptin on inactivation of the protease in the presence of SDS at pH 5.0. The enzyme (10 ml) was incubated in solutions (40 ml) containing 0.1% SDS plus/minus 200 mM leupeptin with 200 mM NaCl at pH 5.0 for 60 min. The assay was carried out after the dilution of the reaction mixture to abolish the inhibitory effect of leupeptin. The activity is shown relative to the activity without incubation (BF). (C) SDS-PAGE of the protease after incubation under optimal conditions for proteolysis. Protease (5 ml) was incubated in the treatment buffer (20 ml) of 0.1% SDS in 200 mM sodium-acetate (pH 5.0) (A) or in 200 mM Tris-HCl (pH 7.8) (B) with 200 mM NaCl at 35°C for 60 min. The incubated protease (25 ml) was boiled with SDS-PAGE sample buffer, and electrophoresed. Proteins were CBB-stained.
at the optimal pH (Table 1) . The stabilization by the substrate was dose-dependent (data not shown). Because of the poor solubility of the peptide, the full stabilization effect above the concentration of 200 mM could not be determined. Then, we examined the relationship between the substrate specificities of the peptides and their stabilization effects on the protease (Table  1 ). Among the peptides tested, the protease preferentially digested Boc-Val-Leu-Lys-MCA, and to a much lesser extent, Suc-Leu-Leu-Val-Tyr-MCA, Boc-Leu-Gly-Arg-MCA and Lys-MCA (Yamada et al. 1998 , Yamada et al. 2000 , and three of the peptides (Boc-Val-Leu-Lys-MCA, Suc-Leu-Leu-Val-Tyr-MCA and Boc-Leu-Gly-Arg-MCA) were effective for the stabilization of the protease. Interestingly, although the peptide Suc-Leu-Leu-Val-Tyr-MCA was much less digested than BocVal-Leu-Lys-MCA, the former had a higher stabilization effect on the protease activity than the latter. Since the former has low susceptibility to proteolytic digestion but sufficient affinity for the protease due to the similarity of the peptide sequence neighboring the digestion site, the peptidyl substrate may protect the active site of the protease longer, resulting in a greater stabilization effect on the enzyme. Such a tendency was also observed in the case of Boc-Leu-Gly-Arg-MCA. Although the protease poorly digested Boc-Leu-Gly-Arg-MCA, it was substantially stabilized by this peptide.
In a similar experiment, the protease component (P) showed the same relationship between hydrolysis and stabilization as the protease in the trimeric complex (Table 1) . We also examined the stabilization by proteinous factors such as Rubisco (0.5 mg ml -1 , from spinach leaves, Sigma, U.S.A.) and bovine serum albumin (0.5 mg ml -1 , Sigma, U.S.A.). The two proteins stabilized the protease to the same extent, although Rubisco is a better substrate for the protease than bovine serum albumin (Yamada et al. 1998 ). The molecular stabilization by the proteinous factor was two times greater than that by the peptidyl substrate, indicating that the effect of the factor as a stabilizer (Kita et al. 1994 ) for this protease was also remarkable.
Discussion
Very recently, we demonstrated that the maize SDSdependent protease is a trimer of P-I complex, consisting of a cysteine protease and cystatin, by determining the internal amino acid sequences and subsequent cloning (Yamada et al. 2000) . In the present study, we further investigated the activation mechanism of the latent cysteine protease complex in vitro. Here, we clearly showed that the conformational change of the cystatin-free protease component by SDS is crucial for the activation of the enzyme in vitro. SDS is required for the initiation of the activation, and pre-incubation with 0.1% SDS for 5 min was enough for full activation of the protease complex. On the other hand, an inconsistent result was obtained with the cysteine protease expressed with E. coli (Yamada et al. 2000) . The overexpressed cysteine protease showed SDSindependent proteolytic activity, indicating that the protease itself was active. One possible explanation for the inconsistency is that the conformation of the cysteine protease in E. coli was such that it was itself activated by some unidentified factor in E. coli.
The present study showed that regardless of the state of the latent cysteine protease and complexes with cystatin, the protease was activated by SDS in vitro (Fig. 6) . That is, the activation occurs via dissociation of the trimeric (P-I) complex to P-I complex or of the P-I complex to protease component with release of cystatin, and conformational change of the protease component. In other words, the protease complex is sta- bly formed via a different binding, such as interaction among the P-I complex and P-I interaction, and the proteolytic activity is strictly blocked in the stable complex until an appropriate activation. Cystatins in the P-I complex are presumed to function as stabilizers rather than protease inhibitors, because release of inhibitor from the P-I complex is not crucial for the activation. The fact that the cystatin-free protease had much less activity also supports the stabilizing function of cystatin. A report that cystatin-bound protease still showed proteolytic activity (Pike et al. 1992 ) makes us believe that protease inhibitors function as a stabilizer, but little evidence of this has been reported to date. However, the present study supports the idea. The activated protease was stabilized by specific substrates under optimum conditions for proteolysis, although, in the absence of substrate, the protease was rapidly inactivated. As in the case of the present protease, proteasome is very stable during prolonged incubation under non-activation conditions and is regulated by its substrates . Proteasome, however, is reversibly activated by SDS in the presence of its substrates, unlike the present protease.
The present results suggest that the protease in vivo is activated by different factors such as dissociator(s) and activator(s), or by only one factor having these two roles. With regard to a protease acting as a hatchet, since an inappropriately activated protease can be fatal to cells and organs, strict regulation would be required. Thus, we could describe the activation mechanism in vivo as follows: the protease is active for only a short period during which it must act in the cells, and when finished it is rapidly converted to an inactive state. This mechanism could account for the strict regulation of the proteolytic activity and the prevention of inappropriate proteolysis. We are now investigating the physiological meaning of the activation of the protease by examining various conditions under which the latent protease is activated and by searching for an activator in vivo. Fig. 6 Proposed mechanism of activation by SDS of the maize SDS-dependent protease. The SDS-dependent protease forms a trimeric complex (P-I) 3 (179 kDa on native PAGE, Yamada et al. 1998 ) with cysteine protease and cystatin complex (P-I complex) (Yamada et al. 2000) . The trimeric complex (P-I) 3 or P-I complex dissociated from the trimeric complex releases the inhibitor, resulting in the protease component. The protease component is still latent and its activation in vitro requires SDS. The activated protease is converted to an inactive form when the substrate is consumed. P, protease component; I, protease inhibitor (cystatin); P*, activated protease component; P -, inactivated protease component. SDS is effective for the activation in all the steps.
